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SUNMARY

Theresultsofgltdeperformancetestsconductedcma test
helicopterwithitsorigimlproductionbladesintieautorotation
conditionarepresen’td.Thedatawerereducedtocoefficient
form,and~erfG-rmenceatstmdardsea-levelconditionswascalculated’;-
Theexperfmental”qdeterminedrotordrag-liftratioswerecompared
tiththecreticalcalculations,eznda SWIW c0mp8Ms0nwas~de fOr
previous~obtainedpower-onflightdata.Inadditim,theimprOVCP
meatinpower-off(autorotation)performancethatresultsfrom
operatingwithaero~micall.ycleenerbladeswasinvestigated.

ThehelicoFter wasfomd tohaveaminimumrateofdescentat
sealeveloflC&OfeetyerminuteatanairsyeedofaPWox~~lY
~ milesperhour.Tnemaximumlift-dxagratioofthehelicop~r
was3.9, and.theki~hestl~t-dragratioobtainedforthemain
rotorw886.7.Goo3agreementbetweenVneoryandexper~entwas
obtainedwhentheoreticalcalcula~ionswerehes3d.cma profile-drag
polarthatcorrespmdedto “roughairfoilsecticms.Jhasmuchas
shnileragreementwasobtained.betweentheoreticalandexperimental
dataInpower-onlevelfright,thetheoryisccmside~edusefulin
extendingtheavailablerotordatafromcneconditiontotheother.
Itwasfoundtkat‘&euseofaerodynamicallycleanerbladesresulted
insignificantgainsLiglidingperformance.Forthehelicopter
testeditappearedthata 22-percentreductiminprofiie-drag

coefficientwouldresultina ~-percentreductimintheminimumrate

ofdescent.

INTROD*UCTICN’

Fli@ttestsarebeingcbnductidbytheFlightReseazzchELvision
oftheLangleyLaboratory‘daa conventionalsingle-rotorhelicopter
aspertofa generalprogramofhelicopterresearch.Thesetests
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includepcmformmncemeasurementsinlevel-flight,hovering,@ides,
.

andclimbs,endcameraobservationsofblademotioninselected
conditions.!3’%16paperpresentstheresulteofpower-off
(autorotation)Peri’ommmeemeasurementsthatwel’emaa.ewiththe
originalproductionsetofmain-rotorblades.

Intheeventofpowerfailurethehelicopterrotorbecmes,
ineffect,aiiaut+jirorotor.Sefet~.mddesignconsiderations
makethisautorotatlvecondltianimportanttothehelicopter
desi~er.Dataobtainedwiththetesthelicopterinautorotation
weretakenM ordertopro~ldeir~ormationwhichcouldbeused.
inimprovingtheautorotativecharacteristicsofhelicopters.The
testsalscsprovidedanopportunitytocomyarethesamerotorin
thepower-onsndautorotativeconditions,withoutthetntroductlcm
ofum.certaintiesduetodiffeigencesinbladeparameterswhichare
presentwhentwod.lffe~)entrotasarebatedandcamgaredh the
twocomiition~.Theglidedatathuspx’mitteda checkoftie
theoretxc=zllyprmilctedroto18@’ag-lK%ratiosinbothpower-on
&idpcwer-offfliqht.Oncetherelatiashtpbetweenthetwo
conditionsiseata’bl%hedjthearailalloWormationontheautnglro

—

andthehelicoptertecomesinterrelated.

grossweightofhelicopter,pomds *

calibratedairspeed.(indicatedairspeedcorrectedfor
instrument--andinstallationerrors;canbeconsidered

f–equalto V P,/POintheprsuentcase),milesperhour —

truea:rs~eed,milesperhour

horizontalcomponentoftrueai.rs~eed,milesperhour

rateofdescent;~erticelccqonentoftrueairspeed,
feetperminute

rotor-bladeradius,feet

rotorangularvelocity,radienspersecond

massdensityofair,slugsyercubicfoot

massdermityofairatsealevelunderstendardconditions
(O.GG2378slugpercubicfoot)
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(%Ntip-speedratio

rotoi*e.n~leofattack;anglebetweenprojectionYnplane
ofsymnetryofaxisaboutwhichthereimnocyclic
pitchchangeanda lineperpendiculartoflight,
path,po~itivewhenaxisispointin~r&cward,de~ees

fuselageangleofettack;anglebetweenrelativewi~ qnd
a lineinplaneofsymmetryandynrpendicularto
mafn-rotor-shaftaxis,posit.ivewhenncmeisup,
de~ees

correctiontofuselageangleofattacktoallowfor
rotora0~~=8h, degyeo8(assurmiequalto

correctodfuselagean@e ofatiack,degrees

fuselagelii’tcoefficientpg*;”j

’57*3cj#4~

k-f + fiaf)

fuselagedragcoefficient
(. )

Fuselagedra~
$pv%??

glib-~th angle; +hatis,angleof
ofdescentUvided%yhorizontal
degr9es

uncorrectedrota liftcoefiiicient

whichtangentisrate _
ccmponentofvelocity,

()

w Cosy
lr’2.q2*WTm

rotarlift.coefficient
(C%ulcor- c%)

rotorlift,pounds(l/C08y -fuselagelift)

()”rotorthrust,pounds ——COBcc

thrustcoefficientf~,~:~)~
T

over-alldrafi-liftratioofhelicopter(tan7)

peraaitedragoffuselage,rotorhead,antibladeshanks,
dividedhymain-rotorlift

-—
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6htaftpowerparameter(TheSW301 P fs equalto thero*Or-
shaftpowerdividedbythevelocityalongtheflightpath;
~neuho~otation,1?/L isnegativeendrepresentsthe
poworsuppliedbytheroto~toovercomethegearingmd
bearingfr~cticmallousesandtodrivethetailrctor)

induceddrag-liftratio(takenhereinas C-j#4)

rotorprofiledrag-liftratio

bag-liftratioofmainrotor;thatis,ratioof
equivalentdragof mainrotortorotorMf%

((?)i+(?))
.

()bcesolidity— @orthepresentcase,a = O.060)
fiR

()-

/’
~cr2&

equivalentchor~ ‘~

J
R
r2dr

‘,o
localchord

raaiustoblaaeelement

elopeofcz}vveofliftcoefficientagainstsectionangleof
attack~rmlianlneasurejassumedequalto5073)..

bladesectionprofile-dragcoefficient

bladesectionangleofattack,measuredfromzerolift,radians

averagematnrotor-bladepitch,uncorrectedTo&play
inlinkageorformeenbladetwist,degrees

APPARATUSANDTESTPROCEDURE

Thetestuwerecondmtedwitha SikorskyHNS-I(YR-4B)helicopter,
thedimensionsanlpertinentcharacteristicsofwhichare~hownin
fl~e 1. Otherparticulars;ticludinga detaileddescriptionofthe
fabric-coveredoriginalmain-rotcmblades,aregiveninreferences1
and2,

.
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Quantitiesmeasuredduringthepower-offglidetests
thefollowing:

Airspeed
Rotorspeed
Main-roto=haft‘tirqqe
!M1-roto=hafttorque
Wee-airtemperature

Themethodsbywhiohthese
Inreference2.

Inglidingflightthe

W“eHir staticpressure
Mai--rotorpltoh
Tail-rotorpitch

5

included

Attitudetile (shaftinclination)
Cyclic-p3tcEccitrolpo=ition

qu%ntit~eswereobtainedarediscussed
—

quantitieswhichmostcriticallyaffect
theacc~acyo~the-restilts-areairspeedandrateofdescent,
andtheyarethereforeconsideredworthyofdpecialdiscussion.

Airspeedwasdeterminedbymeansofa freelyswivelingpftot-
staticinstallatloumoatedontheend-ofa longboominfront
ofthelfuselage,theairspeedheadbehg abouttwofeetinfront
ofthematnrotordisk(fig.2). Theinstallationwascalibrated
bymeansofatrailingpi$gk~static~bomh’tsuspendedapproximately
100feetbelowtherotor.Thecalibrationdataobtainedareshown
inftguzze3.

Atmosphericpressuremeamrementstkt werenecessaryfor
calculationofratesofdescentwerecontinuouslyrecordedthrou@-
outeachrun.

Flightprocedureconsistedinmakingglidesfromabout
5,000feetto3,000feetpresm.u?ealtitude,theairspeedandpitch
sett+dgbeiagheldconstant.Variationsinthrustcoefficientwere
achievedlycpe~atingatdifferentpftchsettingsandthereforeat
differentrotatto.nal

Rotordrag-lift
performanceequation

speeds.

RDUCTIONOFDATA

ratios(s/L)rwere calculatedfromthegeneral
expressedincoefficientformas

.

●
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Foreachtestpoint,valuesof (D~)g,P/L, end.(D/L)pwere
deter.inedframmeasurementstaken.Valuesof (D/L)~, which
representthetangentoftheangleofglfde,werecalculatedfrom
theafrspeedandrateofdescent.Theseratesofdescentwere
calculatedbymeansd plotsofstaticpressureaGainsttime
togetherwithameanfree-airtemperaturevalueforthedescent.
Withtherotm Inautorotation,P/L isa mcdd.negativequantity
thatrepresentstheTowersupplledbytherotor‘aoverccuethe
gearingendbearingfrictionallosseswadh drivethetailrotor.
ThisquantityP/L wasdeterminedfmm recordedshafttorqueand
rotor‘roiati6na.l’speed.Yalw of
theaidoffull-scal~W5nd-tmnel
ofthetesthelicopter(fig.k).
wasthencalcul.aiecias

(D/L)Qwerecalculated“with
te~tsonthefuselegeandhub
Themain-rotordrqyliftratio

()- D .+$
‘P

Themethodofre?ititiingthedatatocoefficientformparallels
thatofreference1. Certainofthes.Esumpt.ionsusedinthelevel-
flightanalysiswaremodified,however,tocomplywithgliding-
fligktccmditionsgrid.areasfollows: ..

(1)Rotorliftiscalculatedbymultiplyingthehelicopter
grossweightby thecos+ineoftheglideangleendsubtractingthe
fuselagel$ft.Rotarthrust,whichwasconsideredequaltcrotor
liftinlevelflight,wasaemnedequal.torotorliftdividedby
thecosiueoftherotorangleofattacka, thevalueof a
beingdeterin’inedasinreference1.

(2)Thetiagforceonthetailrotor-wasfo~d”~~themethod
usedinrefermoe 1) toaiiounttolessthan1 nercentofthefuselme
dragin theautorotitioncondition

RF.SULTSAND

anclwascon~equentlyneglected,“

DISCUSSION

Thetestdataarepresentedintable1. Dr~-liftratiosand
otherparametersderivedfromthedataaregivenintable11.

Hellcopter$Md~~erJ@mgmge.- Ihordertoobtainthevariation
ofhelicopterrateofdescent~ti airspeed,unaffectedbyvariati.ms
ofweightanddensity,theexperimentaldatawerefirstplottedin
thecoefficientformshowninfigure5. Theabscissa,
isa vel~cit~paramatsr~%ichM Mrectlypropcmticnd

l/&
tothe true

,

.

,

.
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velocityandwhicheffectiv@yresolves variaticzisofweightani
densityiiitoequfveJ.entvelocitychanges.Thedataaregrouped
accordingtothmstcoefficientmbt.t,becauseofthelimiteadata
availableandthescatter inthedatawhichcoverodanytrendwith ~,
a singlec-urvewasdrawntovepresentenaveragethrustcoefficient
ofO.0052(averageweight2520lb~ ‘~ = 0.92). Thedatain~icate

—

Po
m minimumvalueof (D/L)~ of0.26in therengeof l/fi
between2.0to2.2correspondi~taamaximmvalueoflift-drag
ratioof3.9Etapproximately65milesperhour.

Thenod.imensfonaldatkoffigure5 canbeeqwesse?iinterms
ofrateofdescentandvelocityforanydesiredcor%inmtlonof
weightandairdensity. ~ figvnw6,thefafredexpertientnlcurve
offQure~ hashen rediicedtostamiardconditions,thatis,normal
grossweightof2520poundsmd.sea-leveldensity.

At sea-levelconditlomandnormalweight,fi+yree6 showsthat
thetestheltcopta?hasa minimumratoofdescentof10$0feetpermjnute
atabout!!0milesperhoursThi.BspeedccmresycKL&EItothespeedrange
between40ard45milesperhem’forminimumpowerinlevelflight.
(Seefi~,8 ofreferenceI..)Themfihmuaan@e ofglidecanbofound.
fromfi~zre6 tobea~rozimately1.4°endtooccwata rateof&3scent
oflkOOfeet-perminute&idatm airsyeedofap~oxtmately6]+miles
perhour.

‘Xnobtainingthepresentflightdata,emphasiswasplacedupcmthe
determinationoftheglidecharacteristicsoverthehigherspeedr&nge,
thatis,minimmnrateofdescentandEcInhmman@ ofglide.A few
meamrament&werealsomadeinverticaldescant.As aresultofthe
difficultyLnholdingzerohorizcmtalspeed,however,themaxinumrate
ofdescentobtained.,2140feetpermi.mtowhenreducedtosea-level
cond.itims,mayhavekeenasmuchas10percenttoolowbecauseof
thepresenceofscmehorizontalvelocityduringthemeasurement.
Theeffeetofsmallhorizmtalvelocitiesontherateofdescentin
autorotationcanbeestima+atfrcmfiguz-e7,whichpresentsBlide
M taobtained.withthePCA-2autogiro(reference3). Thefigure
indicatesthathorizontalairsyeedebetween.5and10milesperhour
ceneffeeta reductimintherateofdescentoftheorierof10percent.

Rotordrag-lift~tios.-k ordertostudytheefficiencyof
therotoritself,the D~ equivalenthofthefuselageandresidual
shaftpowerlosseshavebeensublamctedfrc$n.theover-alldr~-lift
ratio(D/L)~, asdescribedinthesectia!Reduction”ofData,11
Theresultingrotordrag-liftratios
thevelocityparameterl~fi. The
mati-rotorD;L showninthefigure

areplottedin
lowest”-av9rage
isabout0.15,

figure8 agetist
valueofmee.sured
corresponding
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toe.nL/D Or6.7.Inasmuchasthetrendofthedatadoes
appeartoIndicatethataminimumhasbeenreached.,higher
mightbee~ectedathighersyeeds.

NO.x267

not
L/D1s

Comv8Yisonofrotordrag-liftratiowiththeory.— .-Theoretically
predictedvaluesof (D/L)rarecomparedwithflightdatainfig-
me 8. Inasmuchasthee~erimentaldatashoweanotrendforthe
variationof (D/L)rtith CT (becauseM themaQ rangeof CT‘S
covered in the tests,thelimiteddatataken,andthescattersmong
them),theoretical(D/L)rc~ve8repre8ent@3~ avera$eCT
ofO.0072weredrawn.

Thetheoreticalcurveswerecalculatedfromtheperformance
chartsofreference4.,whichwereextendedtoincludetip-speedratios
equaltoO.1O.‘JTlesechartaarebasedon.a”blade-sectionprofil~
dragpolarrepi-esentedby theequation_

Cdo= o.oo87- 0.0216w+ 0.4.00%2

Thisvariationofdragcoefficient-withsectionangleofattack
isrepresentativeofcormentiond,semlsnoothaiimfoll~(smooth
atrfoilsincrease~bya ?xm$hneesf&ctorof17yercent).Ibemry
basedcmsucha dragpolarmayproper~becalled“mmiemc)oth
blade”theoryamltinecurveislabeledassuchinfi”~e8,
Inorder,however,totakeintoaccounttheimperfectprofileand
deformab].esuMac~softhefabrlo-cotiered%ladestested(see
reference‘2),thetheorywasalsocalculatedbyincreasingthe
rotorprofiledra~liftratiosobtainedfromtheperformancecharts
by28Terc.ent,thusallowinga totalroughiiessfactorof~ percent.
The“rough-blade“ theoreticalcurveinfigure8 wascalculatedin
thismamaer. —.

Goodagreementbetweentheaverageexperimentalrotordra~
liftratiosendtherough-bladetheoreticalvaluesisindicated
byfigure8. Thedifferezzcebetweenthetwotheoreticalcurvesin
thefigureshowsthattheliftanddragcharacteristicsofthe
rotor-bladesectionsmustbeknowninordertopredicttherotor
performancewithsufficientaccuracy,

ItisInterestingtodeterminewhetherthesametheorythat
wasusedfortheautorotationalconditioncouldbeusedtopredict
theperformemceofrotorsinthepower-oncondition-Level-flight
data,obtainedwiththesamesetofbladesusedintheautorotation
tests,af?ordenexcellentopportunitytocheckthetheoryinthe
twoflightconditions.Fromthisdata,theinfluenceofsecondary
effectsduetodifferencesinbladeconstructionandsoliditywhich,
forexample,mightbepresentiftwodifferentrotorsweretested,

.

.

.
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iseltiinated.Ewarhental.drag-lift~attos,obtainedateneverage
CT= oSO@! andtihwnfromratererme1,eracomparedtithramlts
obtainedby therough-bladetheoryinfigure9. TIIefigure indfcates
Goodagreementbetweentheovyandexperimentfor levelflight,aswas
trueintheautorotativecaseshowninfigure8.

Inaddition~topressntlng a comparisonbetween+Aeoryand
experhent,figuras8 end9 show that the theoretical. calculations
predictrotorperi’ormEnceinthetwoconditionswithsuiificient
accuracytomakethetheoryuaeftiinextendingtieDCopeofheli-
copterandautogiror~tordatatoeithe~*operatingstate,

=erformmn~e~ias tobeeqmc.~~w~j~,smoother~~dlg.-Rotor-.—— — ..
drag-iifiratiosobta~nedfrcm%21.1-sctifi-ty.afieltestsona rotor
wiW zwlativelyemccthpQwood-coveredbladeswe compared3.n
figv.m10@_thvaluescalculatedfez-QemWmoo-thble.~es.Theagree-
mentshownsuggeststhet itsmooth,rigid-surfacedbladeewe~eused
on thete~thelicopter,thsresWtingp-~..%omancawouldbein
similarqgeementwiththecw~ebasedonuseofsemisncothb?=de
thecryshowninfi~i~e5. Theimprovementintheglideperformance
OTthek;.iccptereqvsppedwithrotor“chdeaaerod@aamic8.lQcleaner
thSlltle original\lacleaissh~ ~ fi,~l:y~11. ~.eCUX*Win
f’i~ral:-labeled.ozx?,ghalbladescorres~ondstothemeasrred
perfGLmmce cniiwastakeufromfigvre6,wherae.sthecurvecd,justed
ffll’acmltmzoothIIkdeswascalculatedbyreducingthemeasuredI’a&
ofdescent“2Yanamcuntequivelen$”tothediffmxmce (shownin
fig.8)bGbJe911 Tb &i80r8 kkd. ~~~8~ of (D/L}rfortinerough
andtieswxlsmoothblades.Thus,ther.inimomrateofdepcer.twould
hereducedfrom1080to1C1OfeetperIUIute and,theminimumglide
anglewo’fidbereducaaby9 ~srcentM cleanerWadeswereusedQ

Lnoz*dertoevaluate properly the improvementin@idepal-fo~nce
effectedbya rediictioninrotbrprcfiledrap,thecontributionof
thepars.sttemd fnduce~draglossesaraalsoshowninfigure11. It
canbeseenthata helicopterwitha lightdiskioadingenda cleaner
fUaehgewculdhenf3fi%more,Gn a p83?:83b$e hLSi.S,froman increase
in bldle clearmess than the hel.lcopterundertest,For exmple,
the 22-percentraductionintherotorprcx?iledragduetochex@ag “
tosend.smoothbladeawouldree-ultina rec?uct.ionof70feetper
minuteor%.percentintheminimumrateofdescentofthehelicopter
tested.~=theratescfdescentdu~totheparasiteandinfiuceddrag
wereremoved,however,theminimumrateofdescentwould.become
500feetperEItiutet M thiscaaethe70feetperminutewould
represent14percentofthemfnimumrateofdescent,A 22-percent
reductioninrotorprofile dragmy thusdecrmse tineminimumrate of
descent as muchas14percent,dependingontheamGunt ofinduced
andparasiteleasespresent.
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Fromthedataobtainedwitha conventionalsingle-rotorheli-
copterastestedinautorotationandtheaccompanyingtheoretical
analysis,thefollowingconclusionsereIndicated:

1,Noroperationatsealevel,a minimumrateofdescentof
108ofeetperminutewaso%tainedatanairspeedofabout~}0miles
perhour.

2* Themaximumlift-dragratioofthehelicopterastested
was3.9. Thehighestlift-dragratioobtainedforthemainrotor
overtheavailablespeedrangewas6.7.

3“ Goodagreementbetweentheoreticalandexperimentalauto-
rotationperformancew-es03tainedwhentheoreticalcalcul.ationawere
baeedona profile-bagpolarccwrespontingto “rough”airfoil
sections.

4. Ehesametheorycansati~factorilypredicttheperformance
ofa rol-m’inboththeTower-offandprow-cmflightconditions. .

5,,Since-theor~cansatisfactori~~predictrotorperformanceIn
—.

both’thoautorotation&adpowr-onconditions,itisconsidered
useful-inextenckingtheavailablerotordatafromoneconditionto
theother.

6. :~ignificantim~rovenumtInglidingperformanceappears
possiblewithimprovedtkde contourandsurfacecondition.For
thehelico~tertested,a redactionof22percentinprofile-drag
coefficient(~btainedbyoperatingwith“semiemmoth”insteadof
“rouglh”blades)wouldresultina 6~-Fercentreduction~ tie~~~
rateofdescent.

LangleyMemorialAeronauticalLaboratory
NationalAdvisoryComni.tteeforAerona’ltics-

Lan@ey FieJ.d,Vs.,February17, I-947
—
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